Rats and mice, when subjected to methionine restriction (MetR), may live longer with beneficial changes to their mitochondria. Most explanations of these observations have centered on MetR somehow suppressing the effects of oxygen free radicals. It is suggested here that MetR's effects on protein metabolism should also be considered when attempting to explain its apparent anti-aging actions. Methionine is the initiating amino acid in mRNA translation. It is proposed that MetR decreases the protein biosynthesis rate due to methionine limitation, which correspondingly decreases generation of ribosomal-mediated error proteins, which then lowers the total abnormal protein load that cellular proteases and chaperone proteins (mitochondrial and cytoplasmic) must deal with. This will increase protease availability for elimination of proteins damaged postsynthetically and help delay abnormal protein accumulation, the major molecular symptom of aging. The slowed rate of protein synthesis may also alter protein folding, which could also alter polypeptide susceptibility to oxidative attack. MetR will also increase lysosomal proteolysis, including autophagy of dysfunctional mitochondria, and promote mitogenesis. MetR may decrease synthesis of S-adenosyl-methionine (SAM), which could decrease spontaneous O 6 -methylguanine formation in DNA. However decreased SAM may compromise repair of protein isoaspartate residues by protein-isoaspartate methyltransferase (PIMT). Changes in SAM levels may also affect gene silencing. All the above may help explain, at least in part, the beneficial effects of MetR.
Introduction

T
HE RECENT PAPER by Naudi et al. 1 published in the December 2007 issue of Rejuvenation Research, shows that methionine restriction (MetR) induces changes to rat brain mitochondria that are similar to those observed when the animals are subjected to caloric restriction (CR). The paper follows up a number of previous publications showing that protein restriction has anti-aging effects in rats and mice similar to those induced by caloric restriction. [2] [3] [4] As the mechanisms by which MetR exerts these beneficial effects is uncertain, it is suggested that consideration of effects upon protein metabolism might be helpful.
Protein Biosynthesis and Aging
Aging is characterized by accumulation of altered proteins produced during polypeptide biosynthesis and postsynthetically by, predominantly, oxidation and glycation phenomena. [5] [6] [7] [8] It has recently been shown [9] [10] [11] that interference with protein biosynthesis at the initiation step of mRNA translation, specifically deficiency in the initiation factor eIF4E (IFE-2), a principal regulator of protein biosynthesis, increases maximal lifespan and increases stress resistance in the nematode Caenorhabditis elegans. In response to these observations, it has been proposed that decreased synthesis of error proteins in IFE-2-deficient organisms, due to the decreased overall protein biosynthesis, could help explain these findings. 12 Error proteins are normally rapidly and selectively degraded by cellular proteases to prevent their accumulation and deleterious interaction with other cellular components. Consequently the decreased error protein load on the cellular proteases and chaperone proteins would then allow more of these homeostatic proteins to deal with those proteins modified postsynthetically by oxidation and glycation. I suggest that the anti-aging effects observed in rats and mice, when subject to MetR, might also be explained, at least in part, by a similar consideration of protein metabolism.
Protein biosynthesis is not error-free; about 3 codons in every 10,000 are mistranslated, 13 resulting in the generation of error proteins, which are normally selectively and rapidly degraded by intracellular proteases. Methionine is the initiating amino acid in cytoplasmic and mitochondrial protein biosynthesis. Consequently it is possible that severe MetR would result in a decrease in mRNA translation initiation frequency, similar to that observed in the eIF4E (IFE-2)-deficient C. elegans. [6] [7] [8] The decreased mRNA translation frequency would not only decrease the rate of overall protein biosynthesis but also decrease the amount of erroneously synthesized protein produced by both cytoplasmic and mitochondrial ribosomes. One effect of this would be to decrease the load of error proteins that the cellular proteases (cytoplasmic and mitochondrial) are required to eliminate. Consequently, more of the proteases and chaperone proteins would be available for the degradation of polypeptides modified by reactive oxygen species (ROS) and glycating agents and which characterize, and are partly responsible for, the aged phenotype.
It is also possible that slowing the rate of protein synthesis by MetR may influence protein folding, which could also decrease formation of misfolded forms. Kimchi-Sarfaty et al. 14 have shown that a so-called silent mutation can affect protein folding and polypeptide conformation, and thereby possibly alter its susceptibility to oxidation and proteolytic attack. This again could decrease the altered protein load, with its consequent effects of mitochondrial activity and oxidative damage.
Another effect of MetR could be to decrease S-adenosylmethionine (SAM) synthesis. One possible beneficial outcome could be a decrease in generation of the mutagenic O 6 -methylguanine in DNA; deficiency in methylguaninemethyltransferase (MGMT), the suicidal protein that removes the offending methyl group from DNA, is deleterious. 15 However, SAM deficiency will compromise protein homeostasis because SAM is the methyl donor in the methylation reaction in the repair of polypeptide isoaspartate residues carried out by protein-isoaspartate methyltransferase (PIMT). 16 PIMT deficiency can reduce organism lifespan and may also interfere with protein degradation. 16, 17 
Proteolysis and Aging
Proteolytic insufficiency can contribute to the aged phenotype, including the accumulation of altered protein forms that are so symptomatic of aging. [5] [6] [7] [8] Evidence for decreased proteasomal, 18, 19 lysosomal, 20, 21 and mitochondrial 22, 23 proteolytic activities accompanying, or perhaps even causing, aging has been demonstrated in a number of model aging systems. Compromised proteolytic function may also underlie a number of age-related pathologies such as Alzheimer's disease 24, 25 and Parkinson's disease. 26 One report indicates that a decrease in mitochondrially synthesized error protein can affect lifespan; Holbrook and Menninger 27 showed some time ago that increasing the accuracy of mitochondrial protein synthesis using the antibiotic erythromycin increased lifespan in yeast. Others have shown that the Lon protease, one of the proteases involved in the elimination of altered proteins (erroneously synthesized and postsynthetically modified by ROS) in mitochondria, normally decreases with age. 22 Thus it is possible that in rat brains, especially upon aging, Lon and other proteases may become rate-limiting with respect to mitochondrial proteolysis of altered proteins. Consequently any decrease in error protein load, induced by a decrease in overall protein synthesis induced by MetR, might be beneficial in terms of elimination of proteins modified intramitochondrially, as observed by Naudi et al. 1 Another factor to be taken into consideration is the effects of MetR on intracellular proteolysis mediated by the lysosomes. Any amino acid deficiency will stimulate an increase in protein breakdown in an attempt to release sufficient quantity of the limiting amino acid to ensure continued protein biosynthesis. As mentioned by Naudi et al., 1 methionine is a relatively rare amino acid in rat mitochondrial proteins; therefore it is likely that MetR will result in extensive protein breakdown to ensure an adequate supply of methionine. It is possible that upregulation of protein turnover will decrease the average protein half-life and thereby decrease the incidence of spontaneous changes in protein amino acid composition, as well as promote the degradation of intact elderly/damaged/dysfunctional mitochondria. 28 The resultant temporary decrease in mitochondrial numbers may provoke an increase in mitogenesis involving induction of PGC-1␣. 29 It may be significant that the decreased circulating insulin levels, induced by caloric restriction, also stimulate lysosome-mediated proteolysis.
Mitochondria are thought to have evolved from bacteria. Mitochondrial ribosomes resemble bacterial ribosomes in terms of size and antibiotic susceptibility, and are distinct from the 80S ribosomes in the cytosol. Studies in bacteria have shown that erroneously synthesized proteins are more susceptible to oxidation than normal gene products. 30, 31 Furthermore some error proteins in Escherichia coli are only degraded after their modification by oxidative attack. 32 Whether the relationship between error proteins and oxidation is conserved in mitochondria is unknown. However it has been shown that certain abnormal proteins (e.g., proteinadvanced glycosylation end product AGEs upon reaction with RAGEs) can provoke generation of reactive oxygen species (ROS) extracellularly. 33 Similarly foreign organisms upon interaction with the components of the immune system also induce ROS generation. Whether erroneously synthesized polypeptides induce intracellular ROS generation is unknown, but may be worth investigating. Consequently the possibility should be examined whether the decreased levels of oxidatively damaged proteins, lipids, and DNA that are present under conditions of MetR are merely a consequence of decreased synthesis of erroneously synthesized polypeptides.
Another factor that may affect intramitochondrial protease activity is the possibility of a relationship between ribosome activity and maximum proteolytic function. Studies, again in E. coli, have shown 34 that cells growing rapidly and therefore possessing high levels of constitutive protease activity do not need to induce synthesis of the stress proteases and chaperone proteins when presented with a large load of aberrant protein, whereas slowly growing cells, with lower proteolytic function, do induce synthesis of stress proteins (proteases and chaperones) following exposure to an increased load of altered proteins. These findings indicate that cellular stress vulnerability to altered protein forms (e.g., protein carbonyls) is related to constitutive proteolytic activity, which in turn may be determined by overall biosynthetic activity. Again, whether the apparent relationship between protein biosynthetic and proteolytic activities is retained in mitochondria remains to be determined. Nevertheless it is known that there are common maturation factors in the generation HIPKISSof cytoplasmic ribosomes and proteasomes, 35 and there is evidence for cross-talk between proteasomes and cytoplasmic ribosomes, 36, 37 observations that are consistent with the above proposal. Consequently as protein synthesis declines as growth slows, it is likely that there will also be a corresponding decrease in the amount of homeostatic proteolytic and chaperone function necessary for the rapid elimination of aberrant proteins generated by ribosomal errors, 38 which will also limit the potential for degradation of proteins damaged postsynthetically.
Conclusions
It is suggested that restriction of methionine availability decreases the frequency of mRNA translation initiation. The resultant decrease in total protein synthesis in the cytosol and mitochondrial compartments will automatically result in a decrease in generation of erroneously synthesized polypeptides, which will in turn decrease the error protein load on cytoplasmic and mitochondrial proteases and chaperone proteins. As both protein synthetic and degradative abilities appear to decline with age, possibly due to the hormonally controlled regulation of ultimate organism size, 38 it is possible that as synthesis of error proteins also declines, the relative contribution of postsynthetically damaged proteins to the total altered protein load may increase. Any increase in postsynthetic protein damage will be additionally deleterious. Eventually a position is reached when protease activity becomes rate-limiting to the rapid elimination of altered proteins, resulting in their accumulation and generation of the aged phenotype. Any decrease in generation of altered polypeptides by MetR would therefore help maintain effective protein homeostasis, delay age-related changes, and improve resistance to protein carbonyls.
